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METHOD OF SIGNAL PROCESSING FOR
DETERMINING RANGE AND VELOCITY OF
AN OBJECT

FIELD OF THE INVENTION

The present invention relates to a method of determining
velocity in directive radar devices and, more specifically, to a
method of determining velocity combined with determining
distance in directive radar devices.

BACKGROUND OF THE INVENTION

Doppler is a familiar phenomenon in which the frequency
of a received signal appears to change as the radial velocity
between the transmitter and receiver changes. Historically,
this change in frequency has been modeled as a translation in
frequency, but, as we will show, this model is not correct. The
correct model is that Doppler results in a change of scale of
the time axis of the signal.

Perhaps the first application of the Doppler equation was
the measurement of the velocity at which stars are moving
away from us. Under the big bang theory, this information can
be used to estimate the distance of stars in the universe. In
estimating the velocity of stars, light from an individual star
was isolated and passed through a prism. The emission spec-
trum of an element, such as hydrogen, was identified and the
apparent shift of one spectral emission component was mea-
sured to determine the star’s velocity. In this case, the Doppler
shift is easily measured since emission spectra consist of the
sum of isolated sine waves at precise known frequencies.

With the invention of radar, it became necessary to resolve
position and velocity. For radars operating with a fixed stable
carrier frequency or a fixed stable pulse repetition frequency
(PRF), the problem is similar to the star velocity problem.
One may estimate the observed frequency of the carrier or
PRF and obtain an estimate of the target velocity. This prob-
lem is again equivalent to estimation of the shift in frequency
of'a single sine wave. For the pulsed signal, the range may be
estimated by calculating the delay between the time a pulse
was transmitted and the time it was received. Range and
velocity may therefore be simultaneously estimated from
delay and Doppler. This is perhaps the first example of a Cross
Ambiguity Function (CAF) process in which time delay and
Doppler frequency are jointly estimated from the transmitted
and received signals. For the radar problem, Doppler is uni-
versally modeled as a translation in frequency. The conven-
tional CAF process provides acceptable results if the trans-
mitted signal is a single sine wave, as it generally is with
narrow band signals, however if the signal is not a sine wave
the results obtained will not be accurate. To date, no methods
have been developed to accurately measure non-sinusoidal
signals.

U.S. Pat. No. 6,636,174, entitled “SYSTEM AND
METHOD FOR DETECTION AND TRACKING OF TAR-
GETS,” discloses a method of using a fractional Fourier
transform in a CAF to track objects. This method is useful, for
example, in radar and sonar systems to find position and
estimate the velocity of signals. By altering computations in
this method, the signals can be mapped to polar coordinates,
as opposed to Cartesian, which is more accurate for certain
types of signals. However, it does not address the problems
solved by the present invention. U.S. Pat. No. 6,636,174 is
hereby incorporated by reference into the present invention.

U.S. patent application Ser. No. 10/996,462, entitled
“QUANTUM CROSS-AMBIGUITY FUNCTION GEN-
ERATOR,” discloses a method of applying quantum mechan-
ics to the traditional cross-ambiguity function to achieve
more accurate computations at increased bandwidths for both
geo-location and radar applications. The constructed cross-
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ambiguity function generator, rather than having either an
analog or digital construction, has a construction based on the
properties of quantum physics based on electro-optical ele-
ments. Because the invention is based on different technology
than existing systems, the advantages obtained by this inven-
tion will require significant investment by current users to
implement. Further, it does not solve the problem addressed
by the present invention. U.S. patent application Ser. No.
10/996,462 is hereby incorporated by reference into the
specification of the present invention.

U.S. patent application Ser. No. 11/180,811, entitled
“METHODS FOR DETECTION AND TRACKING OF
TARGETS,” discloses a method of detecting and tracking
targets. Specifically, signals are received and reflected from
targets and processed to compute slices of the CAF. These
slices are used to find the signal delay and Doppler shift
associated with the targets, which facilitates tracking and
targeting. This method attempts to solve the problem by only
calculating slices of the CAF, thus simplifying computation.
This does not result in the improvement in accuracy achieved
by the present invention. U.S. patent application Ser. No.
11/180,811 is hereby incorporated by reference into the
present invention.

Although prior art methods have been developed for locat-
ing and tracking targets, specifically in radar applications,
these methods are primarily accurate only in narrowband
applications. Methods that have attempted to account for
problems beyond the narrow bandwidth case require exten-
sive modifications to existing radar equipment, and therefore
are impractical for users or manufacturers to implement from
both a cost and efficiency standpoint. What is required in the
artis amethod of processing signals to determine position and
velocity of a target accurately over a wide range of band-
widths.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a method
of'determining the position and velocity of targets over awide
range if bandwidths.

It is a further object of the present invention to provide a
method of determining the position and velocity of targets
over a wide range if bandwidths, wherein the position and
velocity are determined using a scalar relationship dependant
on the radial velocity of the transmitter with respect to the
receiver.

The present invention is a method of signal processing for
geolocation of objects. The first step of the method is sending
a signal from a transmitter to a target.

The second step of the method is receiving a return signal
from the target at the transmitter.

The third step of the method is setting R=cT/2, wherein R
is the range to the target c is the speed of light, and T is the
elapsed time between transmission of the signal and receipt of
the signal by the transmitter

The fourth step of the method is setting b=1+(2v/c),
wherein v is equal to the radial velocity.

The fifth step of the method is setting f, .(D=s((B(t-1)),
wherein [ and T are variables.

The sixth step of the method is calculating (b,T)=arg-
maxg, |fs,*(t) f, (1) dtl for the maximum values of b and T.

The seventh step of the method is calculating velocity, v,
and range, R, for a target using b and T.

The eighth step of the method is outputting the values of v
and R.

In an alternative embodiment, a more accurate estimate of
v and R are obtained by normalizing the equations for s(t) and
fp -(D) to obtain the values for b and T.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG.11s aflowchart of the method of the preferred embodi-
ment.

DETAILED DESCRIPTION OF THE INVENTION

The present invention is a method of determining the loca-
tion and velocity of an object such as a target when operating
aradar system, using a modified CAF technique. A flowchart
is provided showing the steps of the method. With reference
to the flowchart, the first step 1 of the method is sending at
least one signal, s(t), at a time, t, from a transmitter to a target.
Any appropriate method can be used to send a signal, for
example a standard transmitter may send a pulse to a target.
The target may be a stationary object or an object in motion.
In the preferred embodiment, the transmitter is directing the
signal to an object in motion. Many methods are known for
sending a signal to a moving object, and any such method can
be used in conjunction with the present invention. Further,
through the present invention, an object can be located by
multiple transmitters or a transmitter in motion by sending
several signals to the same object. Modification for applica-
tion to multiple signals will become apparent with reference
to the description below. In the preferred embodiment, mul-
tiple signals are sent to the target.

The second step 2 of the method is receiving a return signal
from the target at the transmitter. After a signal has been
directed at a target, the signal will be reflected off the target
and returned to the transmitter. The transmitter then receives
the signal. The transmitter, therefore, must have mechanisms
to both transmit and receive signals. Many such devices are
known in the art, and are commonly used for radar systems.
Any such device can be used in conjunction with the present
invention. If multiple signals are sent, multiple signals will be
received.

The third step 3 of the method is setting R=cT/2, wherein R
is the range to the target c is the speed of light, and T is the
elapsed time between transmission of the signal and receipt of
the signal by the transmitter. Again, if multiple signals are
used, each of the ranges will be calculated, R. The elapsed
time, T, is a value which will be calculated by the method of
the present invention, and which will ultimately allow loca-
tion of the target. The range is the distance from the transmit-
ter to the target, and will be derived from the elapsed time, T,
as will be discussed in greater detail below.

The fourth step 4 of the method is setting b=1+(2v/c),
wherein v is equal to the radial velocity of the target with
respect to the transmitter and b is a scale factor. If multiple
signals are to be used, each radial velocity will be separately
calculated as v,.. The radial velocity will be calculated accord-
ing to the method of the present invention, as will become
obvious from the description below.

In the present invention, it is recognized that for all signals,
s(t) can be modeled as s(t)=2a,e™"". This equation models the
signal as a change of scale, and therefore is valid for all
signals, as opposed to the CAF process that is valid only for
sine Waves. Upon recognition of the correct equation for s(t),
it can be found that s (t)=Xa,e™*“ D wherein s(t) is the
transmitted signal, w is the carrier frequency of the signal, tis
the time and k is an index value. A simple mathematical
calculation can be performed to derive equation s, (t)=s(b(t—
T)). This equivalency is necessary for the determination of v
and T, as will shown below with reference to the fifth step 5
and sixth step 6 of the method.

The fifth step 5 of the method is setting f;; (D)=s((B(t-7)).
The symbols [} and T represent variables that are used to find
the appropriate values of v and R, as will become obvious
with reference to the detailed description below.
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The sixth step 6 of the method is calculating (b,T)=arg-
maxg, |fS,*(t) f,, (1) dtl for the maximum values of b and T.
As is known in the art, argmax is the “argument of the maxi-
mum” operation, which is used to find the maximum value of
the argument following the argmax operation. In the given
case, the argmax operation is used to estimate b and T. Per-
formance of an argmax operation is well known in the art. To
find the maximum values, putative values of [} and T are input
into the equation until a maximum value is found for the result
of the absolute value of the integral. The values of § and ©
maximizing the absolute value of the integral are taken as the
estimated values for b and T. As is further known in the art, the
symbol * represent the performance of a complex conjugate
operation. Performance of such an operation is well known to
those of skill in the art.

The problem in computing the scale CAF is that one must
compute the value of the surface for several values of scale, f3,
and delay, T. We can compute the scale transform for a par-
ticular value of § and multiple values of T using the discrete
Fourier transform:

N-1
Silk] = Z Silnle 2N k= 1..N

n=0

where s,[n] is the i-th sampled signal. This calculation can be
accomplished as follows. First, the discrete Fourier trans-
form, <S,[k]>, of an N, length vector of the first signal, s, [n]
is computed. <S,[k[> is, therefore, a vector of length N;.
Next, the discrete Foruier transform, <S,[k]>, of an N, length
vector of the second signal, s,[n] is computed. <S,[k]> is,
therefore, a vector of length N,. Third, the shorter of the
computed discrete Fourier transforms resulting from the two
operations, <S,[k]>and <S,[k]>, are zero-filled by inserting
zeros into the middle of the shorter discrete Fourier trans-
form. The cross-spectrum, <S,[k]S, [k]>, is then formed.
Finally, the inverse discrete Fourier transform of the cross-
spectrum is computed. The vector resulting from the calcu-
lation of the inverse is the scale CAF of the first signal, s, [k],
and the second signal, s,[k], atscale, 3, equal to the ratio of N,
and N, and multiple delays, T.

The seventh step 7 of the method is calculating radial
velocity, v, and range, R, for a target using b and T. These
values can be calculated using the equations provided in the
third step 3 and fourth step 4 of the method.

The eighth step 8 of the method is outputting the values of
v and R obtained in the seventh step 7 of the method. The
values can be output through any conventional means, such as
displaying the values to a computer monitor attached to the
transmitter.

In an alternative embodiment, a more accurate estimate of
v and R are obtained by normalizing the equations for s(t) and
fp, -(t) to obtain the values for b and T. To do this a different
method is used to find the maximum values of b and T. In
place of the equation provided in the seventh step 7 of the
method the following equation is substituted:

(b, Tyargma s, (0 (0t sqri(Us, (0P 0
12d)

As with the equation in the seventh step 7 of the method,
the equation is evaluated for the maximum values of § and T,
which are taken as the maximum result forb and T. The eighth
step 8 and ninth step 9 of the method are identical with this
method as with the method described with respect to the first
embodiment.
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What is claimed is:

1. A method of determining range and velocity in a radar
system comprising the steps of:

a) sending at least one signal from at least one transmitter

to a target, where each at least one transmitter includes a
receiver;,

b) receiving at the receiver included in the transmitter that
transmitted a signal the signal after it has reflected off of
the target, where the signal received by the receiver is
correlated to the signal transmitted by the transmitter
that includes the receiver;

¢) recording the time elapsed between transmission of each
signal and receipt of the return signal, and setting the
time elapsed as T for each signal;

d) calculating the range R from the elapsed time T and
radial velocity v of the target using a scale relationship;
and

e) outputting the velocity v and range R of the target.

2. The method of step 1, wherein the step of recording the
time elapsed between transmission of each signal and receipt
of' the return signal, and setting the time elapsed as T for each
signal further comprises recording the time elapsed between
transmission of each signal, and receipt of the return signal,
and setting the time elapsed as T for each signal, wherein R is
equal to the range and c is equal to the speed of light and
T=2(R/c).

3. The method of claim 2, wherein the step of calculating
the range R from the elapsed time T and radial velocity v of
the target using a scale relationship further comprises calcu-
lating range of the target R from the relation R=cT/2 and
using the time scale relationship b=1+(2v/c) to determine the
radial velocity v, where c is equal to the speed of light.

4. The method of claim 3, wherein the step of calculating
the velocity v and range R of the target using a time scale
factor b=1+(2v/c) and the elapsed time T and equal to the
speed of light, further comprises the steps of:

a) setting s(t)=Za,e”™, wherein t is equivalent to time, k is
an index, a, is the Fourier coefficient, i is the imaginary
number, and w is equivalent to the carrier frequency;

b) setting s (t)=BZa,e™?“ D, wherein B is equivalent to
an amplitude factor,

¢) comparing s(t) to s (t) to obtain s,(t)=Bs(b(t-T));

d) setting [s,*(t)s,(1)dt=B/s,*(1)s(b(t-T))dt, wherein * is
the complex conjugate operation;

e) calculating (b,T)=argmax_|fs, *()s(B(t-1))dtl for the
maximum values of b and T, wherein f is the putative
scale factor and T the putative time delay;

f) calculating velocity, v, and range, R, for a target using b
and T.

5. The method of claim 4, wherein the step of calculating
(b, T)=argmax,_|fs, *(0)s(B(t-t))dtl for the maximum values
of' b and T, wherein f is the putative scale factor and < is the
putative time delay further comprises the steps of

a) setting a discrete Fourier transform to

N-1
Silkl= Y Silnle >N, k= 1..N;

n=0

b) computing the discrete Fourier transform, <S, [k]>, ofan
N, length vector of the first signal, s,[n];

c) computing the discrete Fourier transform, <S,[k]|>, ofan
N, length vector of the second signal, s,[n]

d) zero-filling the shorter of the computed discrete Fourier
transforms resulting from the two operations performed
in b) and (c);

e) setting the cross-spectrum to <S, [k|S,*[k]|>;

f) computing the inverse discrete Fourier transform of the
cross-spectrum set in (e); and
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g) determining f§ and T using the vector resulting from the
calculation of the inverse discrete Fourier transform.

6. The method of claim 1, wherein the step of calculating
the range R from the elapsed time T and radial velocity v of
the target using a scale relationship further comprises calcu-
lating the range R from the elapsed time T and radial velocity
v of the target using a scale relationship wherein b is equal to
the time scale factor, v is equal to the radial velocity, ¢ is equal
to the speed of light, and the time scale relationship is equiva-
lent to b=1+(2v/c).

7. A method of determining range and velocity in a radar
system comprising the steps of

a) sending a signal from a plurality of transmitters to a
target, where each of the plurality of transmitters
includes a receiver,

b) receiving at the receiver included in the transmitter that
transmitted a signal the signal after it has reflected off of
the target, where the signal received by the receiver is
correlated to the signal transmitted by the transmitter
that includes the receiver;

¢) recording the time elapsed between transmission of each
signal and receipt of the return signal, and setting the
time elapsed as T for each signal;

d) calculating the velocity and range of the target using a
scale relationship calculated from the elapsed; and

e) outputting the velocity and range of the target.

8. The method of step 7, wherein the step of recording the
time elapsed time between transmission of each signal and
receipt of the return signal, and setting the time elapsed as T
for each signal further comprises recording the time elapsed
between transmission of each signal and receipt of the return
signal, and setting the time elapsed as T for each signal,
wherein R is equal to the range and ¢ is equal to the speed of
light and T=2(R/c).

9. The method of claim 8, wherein the step of calculating
the velocity and range of the target using a scale relationship
and the elapsed time further comprises calculating the veloc-
ity and range of the target using a scale relationship and the
elapsed time wherein b is equal to the time scale factor, v is
equal to the radial velocity, ¢ is equal to the speed of light, and
the time scale relationship is equivalent to b=1+(2v/c).

10. The method of claim 9, wherein the step of calculating
the velocity and range of the target using a scale relationship
and the elapsed time wherein b is equal to the time scale
factor, v is equal to the radial velocity, cis equal to the speed
oflight, and the time scale relationship is equivalent to 1+(2v/
c¢) further comprises the steps of

a) setting s(t)=Xa,e”™”, wherein t is equivalent to time, k is
an index, a, is the Fourier coefficient, i is the imaginary
number, and w is equivalent to the carrier frequency;

b) setting s,(t)=BZa,e™"?“ D, wherein B is equivalent to
an amplitude factor;

¢) comparing s(t) to s,(t) to obtain s,(t)=Bs(b(t-T));

d) setting fs,*(t)s,(1)dt=B/s,*(0)s(b(t-T))dt, wherein * is
the complex conjugate operation;

e) calculating (b,T)=argmax,_|fs,*(D)s(B(t=T))dt! for the
maximum values of b and T, wherein f is the putative
scale factor and 7 is the putative time delay;

f) calculating velocity, v, and range, R, for a target using b
and T.

11. The method of claim 7, wherein the step of calculating
the velocity and range of the target using a scale relationship
and the elapsed time further comprises calculating the veloc-
ity and range of the target using a scale relationship and the
elapsed time wherein b is equal to the time scale factor, v is
equal to the radial velocity, ¢ is equal to the speed of light, and
the time scale relationship is equivalent to b=1+(2v/c).
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